Partial nucleotide sequences of the citrate synthase (gltA) gene from different rhizobia genera were determined. Tree topologies based on this housekeeping gene were similar to that obtained using 16S rRNA sequences. However gltA appeared to be more reliable at determining phylogenetic relationships of closely related taxa. We propose gltA sequences as an additional tool to be used in molecular phylogenetic studies.
Introduction
The members of the genus Rhizobium, Bradyrhizobium, Mesorhizobium, Azorhizobium, and Sinorhizobium, collectively named rhizobia, have been classified on the basis of polyphasic taxonomy [17] . This approach uses phenotypic and genotypic characteristics and includes 16S rRNA gene sequence determination. Hitherto, the analysis of 16S rRNA genes represented the most powerful method for investigating the phylogenetic relationships among microorganisms. However, this gene has limitations as a taxonomic tool such as slow evolution, genetic crossing-over and, because it is a highly conserved molecule, may not be useful for discriminating closely related bacterial species. Furthermore, the presence of a 16S rRNA gene as part of a complete ribosomal operon has been found on a plasmid in Bacillus megaterium [14] and allele differences have been detected in 16S rRNA genes, making these genes a not infallible guide to define evolutionary relationships [31] . Studies of additional genes are required to know more about the evolution of the genome and improve the knowledge of the phylogenetic relationships of rhizobia.
The citrate synthase gene (gltA) is present in almost all living cells. It contains conserved and variable regions and its product is the first enzyme in the tricarboxylic acid cycle, and is thus considered a key regulator of intracellular ATP production in both prokaryotic and eukaryotic cells. Based on these characteristics gltA gene sequences have been used for estimating phylogenies among some bacterial groups [1, 2, 10] . In the present work we study the usefulness of gltA gene sequences for determining phylogenetics relationships among rhizobia and compare it to phylogenies obtained with 16S rRNA gene sequences.
Rhizobia strains were grown in PY medium and Escherichia coli strains were cultivated in LB medium. Plasmid purification, genomic DNA extraction and Southern blotting were performed according to published protocols [23] . For sequencing, double stranded DNA was purified and sequencing was performed in an automatic ALF DNA sequencer (Pharmacia Biotech Uppsala) or in an automatic Perkin Elmer/Applied Biosystems 377-18 sequencer. gltA genes from Agrobacterium sp. Ch-Ag-4 (AY094145), Agrobacterium sp. K-Ag-3 (AY094144), Rhizobium etli CFN42 (AY094142), Rhizobium galegae HAMBI540 (AY094149), Rhizobium sp. CFN234 (AY094151), Sinorhizobium terangae USDA4102 (AY094150), Mesorhizobium mediterraneum USDA3392 (AY094148), Mesorhizobium huakuii CCBAU2609 (AY094147), and Azorhizobium caulinodans ORS571 (AY094143) were amplified by PCR with forward primers P231-101 (5′AGAAGAAGGACTTCGACTA3′) or 512-MAP (5′TACAAGTACCATATCGGCCAGCCC T3′) and reverse primer OP85-1R (5′CATGGTCGTGG GGAAGCC3′). They correspond respectively to base positions 299-317, 529-553, and 1123-1140 of the chromosomal Rhizobium tropici ccsA gene [7] . Primer pair 512-MAP and OP85-1R was used to amplify 590 bp from Azorhizobium caulinodans ORS571 and Mesorhizobium huakuii USDA 4779. Primer pair P231-101 and OP85-1R was used to amplify 805 bp for the remaining strains used in this study. PCR fragments were obtained using the following temperature program: initial denaturation at 93°C for 3 min, then 34 cycles of annealing at 48 °C for 2 min, extension at 72 °C for 2 min and denaturation at 93°C for 2 min. PCR products were purified from agarose gels with the Geneclean kit (BIO101). PCR products were cloned into the sequencing vector pMosBlue T (Amersham Life Sciences). In this work we also included previously reported gltA sequences of Rhizobium tropici CFN299 (L41815, Z34516; [7, 20] ) Sinorhizobium fredii (AY157738), Sinorhizobium. meliloti 1021 (SMc02087; [4] ), Brucella melitensis 16M (BMEI0836; [3] ), Brucella suis 1330 (AE014415; [21] ), Agrobacterium tumefaciens C58 (Atu1392; [27] ), Mesorhizobium loti MAFF303099 (m1r0629; [11] ), Bradyrhizobium japonicum (blr4839; [12] ), and Rhodopseudomonas palustris (BX572602; [15] ). Gene accession numbers are shown in parenthesis, sequences in bold were determined in this study.
Phylogenetic analysis of gltA genes was performed. Partial nucleotide sequences (568 bp) of gltA genes were first translated into amino acid sequences, aligned using CLUSTAL W [24] and the nucleotide sequence were aligned against aligned amino acid sequences by using DAMBE [29] and optimised by hand with BIOEDIT [6] . Different analyses to assay data robustness of gltA sequences corroborate that our dataset showed a strong phylogenetic signal and there is no evidence of saturation. Nucleotide substitution rate over site analysis confirmed a homogeneous distribution of the variation along the sequence using all three codon positions, 1 and 2 positions and 3rd positions only. Substitution saturation test [28] showed no significant saturation (Iss < Iss.c, p < 0.01) when all three codon positions, 1 and 2 positions and 3rd positions were analysed. A plot of the number of transitions and transversion versus genetic distances confirmed this result (data not shown). Molecular phylogenies were constructed using the neighbour joining (NJ) method [22] with MEGA 2 software [13] . Statistical tests of nucleotide frequencies and transition/transversion substitution rates confirmed Tamura-Nei (TN93) as an accurate distance-correction model for our datasets. Maximumparsimony (MP) analysis was also performed. Statistical support of branches in the phylogeny was calculated with 1000 bootstrap replications. Very similar topologies between neighbour joining and MP phylogenies were observed. Identical groups were identified particularly for those clades with a strong bootstrap support.
Analysis of GltA protein. A multiple aligment of partial GltA protein sequences (189 AA) was constructed using t_coffee [18] . We then carried out a Bayesian estimation of the phylogeny for this region with the program mrBayes 3.0b4 [9] using 250000 generations, sampling and printing frequencies of 100 and 4 chains for the Markov Chain Monte Carlo analysis thus generating 2500 trees. As stationarity was reached at around 500 cycles, we used a burnin of 1500 trees so that only 1000 tree samples were used for the determination of a consensus tree and the determination of posterior probabilities for the trees. The consensus tree was displayed with TREEVIEW [19] . We found that topologies generated with DNA or protein showed very similar phylogenetic relationships of rhizobia.
The analysis of 590 bp of gltA genes from rhizobia, shows that the sequence identity of this fragment ranged from 75% to 95%, thus the sequence of gltA is much variable among Rhizobium species than are 16S rRNA genes (87% to 99%). The 590 bp analysed also showed 261 variable sites and 195 parsimony informative sites, as well as conservation of 16 NADH binding residues and 5 active site residues. Phylogenies of rhizobia based on gltA genes sequences (Fig. 1) showed distinct phylogenetic linages. R. tropici was clearly separated from Agrobacterium sp K-Ag-3 and Ch-Ag-4 with the identity among those strains being 90%. Previously, Willems et al showed that by 16S rRNA sequences, R. tropici and Agrobacterium spp were highly related, with an identity of 99%. In this, case gltA sequences appeared to be more reliable at determining relationships among Rhizobium and Agrobacterium spp than sequences of 16S rRNA. Furthermore total DNA hibridization experiments showed that R. tropici and Agrobacterium sp Ch-Ag-4 were not highly related [16] , these data support the relationships based on gltA genes sequences. Previously we reported [8] that R. sp CFN234 belonged to R. etli linage (based on 16S rRNA gene sequences), however by phylogentic analysis of gltA genes, R. sp CFN234 is separated from R. etli. Our results with gltA support data generated with total DNA hybridisation experiments, which show a low level of homology between R. etli and R. sp CFN234 [16] . Phylogenetic trees generated with gltA showed a close relationships among M. mediterraneum, M. huakui and M. loti. In this cluster the gltA gene of M. huakuii is closely related to the gltA (mlr0629) of M. loti MAFF303099. This observation confirms previous data which suggest that M. loti MAFF303099 might belong to M. huakuii [25] . R. galegae is normally found clustered to Agrobacterium rather than Rhizobium in the 16S rRNA phylogeny, however phylogentic relationships with gltA genes clearly separate R. galegae from A. tumefaciens. This finding is in agreement with phylogenies obtained with atpD or recA, [5] and so the use of three molecular markers support R. galegae being as distant from Agrobacterium as it is from rhizobia. In previous studies we reported the presence of two gltA genes in Rhizobium tropici [7] . To determine if the presence of multiples copies is common in rhizobia, hybridisation experiments were performed. Total DNA of the Rhizobium strain analysed were purified and digested with two different restriction enzymes. Our results showed that only Rhizobium tropici contain two gltA genes, therefore the presence of multiples gltA genes is not general in rhizobia. gltA gene sequences have been used in several bacterial groups for taxonomy. In Bartonella, phylogenetic trees reflect a much higher sequence diversity in gltA genes than that observed for the 16S rRNA genes [2] . In Ehrlichia the architecture of the trees constructed with gltA was similar to that derived from the 16S rRNA gene sequences but showed more significant bootstrap values [10] . In the case of rhizobia, we found that gltA is useful for estimating evolutionary relationships of closely related taxa, We propose gltA sequences as an additional tool for molecular phylogenetic studies.
